ABSTRACT: 105 samples of Cepaea nemoralis (L.) were made in rural locations around the city of Wroc³aw in 2008-10. Variation in the shell colour and banding polymorphism showed no relationship to habitat, nor were there any large-scale geographical patterns. In some morphs, there were strong frequency correlations between samples close to one another, but these never extended beyond 20 km, and usually involved much shorter distances. Relative to populations within the city, these populations vary more among themselves, but are individually less polymorphic. Linkage disequilibria in common between city and country suggest a common origin. These results suggest that rural populations have a more recent origin, and that they are more isolated from one another than those in the city. A process of recent passive dispersal by humans, with some local spread appears to account for the pattern of variation observed.
INTRODUCTION
There have been many studies on the striking shell polymorphism of the European land snail Cepaea nemoralis (Linnaeus, 1758) . A great variety of patterns of variation have been discovered (JONES et al. 1977 , COOK 1998 , involving, in varying proportions, forms of natural selection, founder effects, genetic drift and gene flow. Patterns vary with locality, and although there are some trends visible across the whole geographical range (JONES et al. 1977 , SILVERTOWN et al. 2011 , there are many deviations from these broad trends, and some very local patterns may change over short distances.
While sometimes recorded from forests, and especially from their fringes, C. nemoralis also flourishes in more open, usually anthropogenic habitats: hedges, roadside verges, waste ground in cities, various grasslands, gardens, parks and orchards. Within its natural range, it has colonised previously inhospitable areas in towns and cities where pollution has declined, and waste ground or gardens are plentiful (CAMERON et al. 2009 ). Within Poland, nearly all populations of the species are in highly modified habitats. In the south-east of the country, these populations are certainly introduced (O¯GO 2005) , and it is possible that this is also true for most Polish populations of the species. CAMERON et al. (2009) compared and contrasted variation in populations within the city limits of Wroc³aw (Lower Silesia, Poland) and Sheffield (central England). They found that there were marked differences in the pattern of variation between the two cities, related to the timing of colonisation and the degree of interconnectedness of populations in each city. Populations in Wroc³aw were more alike, were more polymorphic, and were more interconnected than those in Sheffield, where colonisation, mostly passively induced by humans, was more recent, and populations more isolated.
Within Lower Silesia, populations of C. nemoralis are not confined to cities and towns, but they are concentrated near villages or along roadsides and in derelict or recently cleared sites. More natural habitats, and especially forests, are occupied by the closelyrelated Cepaea hortensis (O. F. Müller, 1774) , and cultivated or grazed agricultural land is unsuitable for the species. Populations are thus less connected than in the cities, and it is probable that their distribution reflects accidental dispersal by humans. This study reports on a survey of C. nemoralis populations in rural habitats around Wroc³aw, and compares the pattern of variation found with that seen in the city and elsewhere.
AREA STUDIED Figure 1 shows the area in which samples were made, and the location of samples within it. The area is about 58 km east-west, and 70 km north-south, though there are two little sets of outliers in the north contributing to this size. The terrain is a mixture of flat ground associated with the floodplain of the river Odra and its tributaries, and areas of low hills. The area is primarily agricultural, with some managed forests, and some areas under development as industrial parks, around which there is often waste ground awaiting development. While there are few substantial towns within the area (sampled only on their fringes), many villages have extensive and ongoing residential development, creating temporary waste ground very suitable for C. nemoralis populations. Note that the central space lacking samples is the city of Wroc³aw
MATERIAL AND METHODS
Journeys were made over the whole area to detect and sample C. nemoralis populations. In many places, no populations were found, though in some of these C. hortensis was present. Where populations were found, samples were made in areas of no more than 400 m 2 , or along no more than 30 m of roadside verge. Habitats ranged from very open and grass dominated to dense but very young scrub. The majority were mixtures of grass and herbaceous vegetation with small bushes and shrubs. No populations were found in mature forest.
All adult C. nemoralis (live, or as fresh empty shells) were collected and scored, as were juveniles large enough to avoid confusion with C. hortensis. Following JONES et al. (1977) , these were scored for colour of shell (yellow, pink or brown), for the presence or absence of bands, for the midbanded morph (00300) and for trifasciate (00345), with the remainder of banded shells recorded as many-banded. Live specimens were recorded in the field, and released into the sites from which they had been collected.
In all analyses, we have used morph frequencies, not estimated allele frequencies. For midbanded the frequencies are those within the banded shells; for trifasciate they are those within shells with more than one band, reflecting the dominance hierarchy at these loci (JONES et al. 1977) . Where regression or least squares correlation has been used all these frequencies have been arcsine transformed. Besides tests of association of morphs with each other and with position and habitat, we have examined the linkage disequilibrium between shell colour and banding, taking simply the proportion of unbanded shells within each colour class and other associations among colour and banding classes.
Following CAMERON et al. (2009) , we have used the Nei index of genetic similarity using the frequencies of yellow, unbanded, midbanded in banded and trifasciate in many-banded for a Mantel test of association with distance. Overall pattern has also been analysed by Principal Components Analysis (PCA) using the same four frequencies to assess autocorrelation among populations on the basis of overall genetic similarity. Spatial pattern has also been examined using Moran's I for each morph and for sites' scores on the first PCA axis. Variation within and among populations has been estimated via the Simpson index of diversity (SOUTHWOOD & HENDERSON 2000) , by the proportions of samples with different numbers of morphs present, and by estimating F ST based on morph frequencies (CAMERON et al. 2009 ). We estimated means and standard deviations of these F ST values using a bootstrapping procedure with 1,000 permutations. The software used for the analyses com 
RESULTS
We searched 114 sites at which collections were made in 2008 to 2010. 105 of these yielded samples of 10 or more usable C. nemoralis shells (mean sample size 88 shells), of which nine also contained C. hortensis. The remaining nine sites contained only the latter species (Fig. 1) . Appendix 1 gives the numbers of each morph in each sample together with details of habitat (grass, intermediate or scrub) and location (village name and co-ordinates in decimal degrees). Table 1 summarises the basic data derived from these samples. Brown shells were extremely rare, occurring at low frequency in only three samples; the great majority of non-yellow shells were pink. Although there were differences in mean frequencies of the morphs at each locus, and in the proportion of samples in which the morphs were recorded, the range of values found approaches the maximum possible (0 to 100%) in all cases.
There are no significant effects of habitat, nor are there overall trends with latitude or longitude. Within Shell polymorphism of Cepaea nemoralis samples there is a trend for unbanded to be in excess in yellow rather than pink (Table 2) , and, less strongly, for midbanded to be in excess in pink. There are no significant associations between morphs among samples, nor do the disequilibria we mention above show any clear geographical pattern. A Mantel test of the relationship between distance and overall genetic similarity (estimated by Nei's I) shows a slight but significant decay of similarity with distance (r=-0.14, P=0.002). Tables 3, 4 and 5 contain comparative data for Wroc³aw city as well as from this study. The comparisons are discussed below. Table 3 shows the results of Moran's I tests for spatial autocorrelation at each locus, and for overall similarity using the first axis of the PCA (details of the PCA analysis are shown in Appendix 2). Few samples in the rural area were within 1 km of each other, so all pairs within 2 km have also been considered together. Even so, the numbers of samples in different distance classes vary greatly, which affects the magnitude of the index required to a c h i e v e s i g n i f i c a n c e . B o t h u n b a n d e d a n d midbanded in banded show significant positive associations in the smaller distance classes, as does the first axis of the PCA. Yellow and trifasciate show no such significant correlations, but in all cases the index tends to be greatest and positive at the shorter distances, and negative at the longest. An alternative analysis of the first PCA axis, creating distance classes with equal numbers of samples, indicates that there are strong positive associations up to about 20 km distance, but negative ones, or no relationship beyond that point. Table 4 shows the values for F ST at each locus, with standard deviations and confidence limits. In each case, values are higher than in the city, and extreme morph frequencies are found more often (Fig. 2 ). Table 5 shows three different ways of assessing within population variation. In each, the amount of such variation is less than in populations from the city. 
DISCUSSION
Variation among the samples used in this study shows no effect of habitat, nor is there any broad geographical trend. Although varying in strength among morphs there is a pattern of microgeographical variation, with populations close to one another being similar. Such variation is widespread, and is found even when habitat effects are also evident (JONES et al. 1980 , CAMERON & DILLON 1984 , CAMERON & PANNETT 1985 . It is also found in studies of molecular variation (ARNAUD et al. 1999 , BELLIDO et al. 2002 . There are no patterns remotely resembling the "Area Effects" of CAIN & CURREY (1963) , where large numbers of nearby populations have near-identical and often extreme morph frequencies. These populations vary greatly, with frequencies of each morph ranging over most of the possible range.
The comparison with similar data from within Wroc³aw itself (CAMERON et al. 2009 ) assists us in interpreting this pattern. The populations in this study share with those from the city the lack of habitat associations, attributable to the very recent character of the more shaded habitats. They also share a pattern of spatial autocorrelation (Table 3) , although, in detail, there are differences in the strength of this pattern in some morphs in the two studies. They differ from those in the city in the distance over which such autocorrelation is significant and positive (greater in this study), in the lower levels of within population genetic diversity (Table 5) , and in the greater degree of variation in morph frequencies among sites (Table 4 , Fig. 2 ). While there are some differences in mean morph frequencies between the two sets of samples, these are not great, and the overlap in frequency range within each is great. In comparison with another city (Sheffield, England), CAMERON et al. (2009) concluded that populations in Wroc³aw were dense and interconnected, and had occupied the city for many decades. While some populations in this study were dense, many occupied very small and isolated patches of suitable habitat, with no evident connection to others.
The most probable explanation of these results is that populations of C. nemoralis are very recently established, that they have reached their present locations as a result of accidental transport, often in small numbers, by humans, and not necessarily from nearby locations. We note that most sites occupied are disturbed and short lived within villages or industrial developments, and sites occupied previously become obliterated by development as new ones are created. Although selection regimes might differ among sites, even powerful selection of the kind reported by O¯GO (2011) is obscured by the temporary and recent character of most populations. Hence the pattern of variation is a product of multiple founder effects with some evidence of local movement. Classically, founder effects were presumed to result in loss of genetic diversity, but as O¯GO (2011) points out the species is hermaphrodite, has multiple matings and long term sperm storage. A single multiply-mated individual can carry a considerable proportion of the population's genetic variation at these loci. Its progeny will carry a biased but not drastically reduced sample of the variants present in the parental population. A very similar pattern has been reported for the region of Gdañsk (CAMERON et al. in press) , where there are effects of habitat, but where human transport appears to account for the general distribution, coupled with short range dispersal from established populations.
In the case of Gdañsk, there is evidence to suggest that the present widespread distribution of C. nemoralis is recent. Unfortunately, we lack historic records to test this idea within this area (absence of records being no proof of actual absence). We know that C. nemoralis was present in the city of Wroc³aw before the Second World War (CAMERON et al. 2009 ), but not whether it was present outside. We have one piece of indirect evidence. To the south, the small town of Kudowa Zdrój now has dense and abundant populations of C. nemoralis (POKRYSZKO & CAMERON unpublished data). The mollusc fauna of the area was surveyed in detail by A. WIKTOR in the 1960s, and he reported no C. nemoralis (WIKTOR 1964) . Given the conspicuousness of the snail and the competence of the recorder, this is good evidence for real absence. Further south still, the evidence from the Czech Republic indicates that C. nemoralis has spread recently and rapidly, and is strongly associated with human activities (HONÌK 1995 , DVOØÁK & HONÌK 2004 . It seems likely that Silesia as a whole has been colonised relatively recently, and that loci of spread formed initially in cities.
There is one peculiarity of populations from both the city of Wroc³aw and the surrounding countryside. Populations from northern Poland generally show linkage disequilibrium between colour and banding such that unbanded is more frequent in pink than in yellow shells (WAGNER 1990 . WAGNER (1990) found that this disequilibrium disappeared further south or was even reversed, as it is both in the city and the countryside in this study, and in some populations near Wa³brzych (WAGNER 1990, POKRYSZKO unpublished data) . The reasons for these disequilibria persisting are unknown, but the consistency of the pattern suggests a recent common origin of populations in the region.
COOK (1998) made a powerful case that aspects of this variation in C. nemoralis were a product of migraShell polymorphism of Cepaea nemoralis tion and gene flow, and in particular that the leptokurtic transport of individuals (some travelling much greater distances than possible by active dispersal) helped to maintain the polymorphism, which is found in nearly all populations. Our results and those of similar studies referred to earlier suggest that newly occupied territory such long-distance dispersal sets up founder populations, the composition of which influences the genetic constitution of other nearby populations derived from them. This hypothesis is testable by use of molecular markers. 
